Genetic and epigenetic information are faithfully duplicated and accurately transmitted to daughter cells to preserve cell identity during the cell cycle. However, how the chromatin-based epigenetic information beyond DNA sequence is stably transmitted along with the disruption and re-establishment of chromatin structure within a cell cycle remains largely unexplored. Through comprehensive analysis DNA methylation and nucleosome positioning patterns of HepG2 cells in G0/G1, early S, late S and G2/M phases, we found that DNA methylation may act as the prime element for epigenetic inheritance after replication, as DNA methylation was extremely stable in each cell cycle phase, while nucleosome occupancy showed notable phase dependent fluctuation. Nucleosome-Secured Regions (NSRs) occupied by polycomb-repressed chromatin played a role in repressing the irrelevant cell type-specific genes and were essential for preventing irrelevant transcription factors binding, while the well-defined Nucleosome-Depleted Regions (NDRs) marked the genes crucial for cell identity maintenance. Chromatin structure at NSRs and NDRs was well maintained throughout the cell cycle, which played crucial roles in steadily preserving the transcriptional identity of the cell to fulfill cell identity maintenance. Collectively, our results demonstrated that while chromatin architecture underwent dynamic changes during cell cycle progression, DNA methylation together with NSRs and NDRs were stable epigenetic elements that were required for faithful transmission to the daughter cell to accurately maintain cell identity during the cell cycle.
Introduction
The mammalian cell cycle consists of not only precise transmission of genomic sequence, but also the maintenance of transcriptional identity of the cell which is of essential importance to preserve cell identity along with DNA replication and chromatin condensation (1) (2) (3) . In spite of a small group of extensively studied cell cycle-regulated genes (4) (5) (6) (7) , the majority of genes should keep a homeostasis state at different cell cycle phases to maintain their cellular characteristics (8, 9) . However, there are two major challenges during the cell cycle progression for stable inheritance of gene expression pattern from one generation to the next, DNA replication and mitotic condensation (10, 11) . Both processes cause enormous changes of chromatin structure, which provide a unified platform for regulating DNAdependent events that require genome accessibility to specific protein factors (12) , including DNA replication, DNA damage and repair (13) (14) (15) , and especially gene expression (16, 17) . DNA replication is a highly disrupting process during which nucleosome is collapsed to allow progression of DNA polymerase, and followed by restoration of nucleosome particles on newly replicated DNA. Therefore, DNA replication provides an opportunity for unnecessary access of transcriptional machinery to DNA (3) . While in mitotic phase, chromatin becomes highly condensed to fulfill accurate segregation of sister chromatids into two daughter cells, and this forces the transcription factors to dissociate from chromatin and thus abrogates gene expression (18, 19) . DNA replication and chromatin condensation raise the question of how to maintain the transcriptional identity during cell cycle progression to fulfill cellular specificity preservation. Recent studies have proposed the role for histone modification, histone variants and transcription factors in maintaining cellular memory in the cell cycle (18, (20) (21) (22) (23) (24) (25) .
DNA methylation is maintained in a semi-conservative manner at the replication forks by DNMT1 (26) , and recent studies revealed that de novo methyltransferases DNMT3a and DNMT3b are also necessary for the accurate maintenance of DNA methylation after DNA replication (27) . Nucleosome is the basic organizational units of eukaryotic primary chromatin structure. Replication fork progression disrupts the structure of nucleosome, histone octamers segregate into (H3-H4) 2 tetramers and H2A-H2B dimmers (28) . Parental and new histones are loaded onto the newly synthesized DNA to reestablish nucleosome structure under the help of histone chaperons and assembly factors (2) . Maturation of chromatin requests proper positioning of nucleosome on the new DNA, which is of crucial importance for transcriptional identity preservation, and is thus essential for cellular identity maintenance. Despite the knowledge gained from previous studies, many mysteries remain to be investigated.
DNA methylation plays essential roles in regulating gene expression (29, 30) , is therefore regarded as an important epigenetic bookmarking element in the cell cycle. It is still an open question how fast DNA methylation is copied immediately after DNA replication. Previous studies have received some contradictory results in studying DNA methylation dynamics during the cell cycle progression due to the different methods they employed. Shelley E. Brown reported that DNA methylation level in the S phase increased compared to G1 phase (31), while Cecile Desjobert found that replication of DNA methylation occurred simultaneously with replication of DNA sequence, but with a little delay in the complement of DNA methylation transmission (32) . And a recent study using bisulfite sequencing to check DNA methylation change in G0, G1 and G2M cells, they didn't find any global changes or large-scale hypomethylated blocks in these cells (33) . But the low-throughput bisulfite dataset in their work is challenging for exploring the partially methylated DNA in S phase. Thus, a more accurate survey of DNA methylation dynamics in the cell cycle, particularly in the S phase where methylation restoration happens, needs to be further explored with high-resolution DNA methylation detection methods.
Nucleosome-Depleted Regions (NDRs) are revealed to facilitate gene expression because NDRs formation enables access of transcription factors binding to their target sites (34) . Therefore, genes with NDRs at the promoters are usually expressed at a higher level (35) . Studies using DNase I sensitivity assay to probe accessibility of the human genome disclosed that mitotic chromatin was still accessible to various transcription factors in specific genomic loci. At the same time, the global accessible landscape of mitotic genome is largely preserved as compared with interphase chromatin (22, (36) (37) (38) (39) (40) (41) . These results demonstrate that nucleosome depletion is a well-maintained chromatin feature in the cell cycle in promoting active gene expression memory. Yet, despite the histone modification guided gene repression across generations (42) (43) (44) (45) , limited works have been done to explore the chromatin architecture of the constitutively repressed genes in the cell cycle.
Usually, nucleosome positioning and DNA methylation are evaluated separately in the cell cycle. Considering the multidimension crosstalk between these elements (46-49), we systematically surveyed the cell cycle-specified features of nucleosome positioning and DNA methylation in this work. We found that the overall nucleosome occupancy during cell cycle underwent enormous changes, while DNA methylation remained stable along with DNA replication and chromatin condensation. Besides, unlike NDRs which showed significant nucleosome depletion, we described a group of NucleosomeSecured Regions (NSRs) which showed a apparently higher level of nucleosome occupancy and were marked with polycombrepressed chromatin to repress gene expression and critical for extruding lineage-specific transcription factors binding. Moreover, the primary structure at NSRs and NDRs were well maintained throughout the cell cycle, in accordance with which NSRs marked genes were persistently repressed at each phase and the NDRs marked genes showed constant active expression. Our results provided a comprehensive view of nucleosome occupancy and DNA methylation dynamics throughout DNA replication and chromatin condensation, indicating that the primary structure of chromatin might be a crucial element for maintaining transcriptional identity in the cell cycle.
Results

Nucleosome occupancy displays pervasive cell cycle dependent fluctuation
By combining NOMe-seq (Nucleosome Occupancy and Methylome sequencing) (35, 50, 51) and GPS (Guide Positioning Sequencing, see Materials and Methods), we had sequenced two replicates of HepG2 cells sorted into G0/G1, S1 (early S), S2 (late S) and G2/ M phase by fluorescence-activated cell sorting (FACS) (Supplementary Material, Table S1 ). Nucleosome-free mitochondrial DNA was supposed to be equally methylated by exogenous methyltransferase in different groups, thus GCH value in mtDNA was used to normalize the efficiency of M.CviPI in each phase. Nearly identical patterns of GCH distribution were observed before and after mtDNA normalization (Supplementary Material, Fig. S1 ).
GpC methylation level can be an indicator for nucleosome occupancy (1-GCH), we found that nucleosome occupancy sequentially changed in accordance with cell cycle transition ( Fig.  1A and B; Supplementary Material, Fig. S2A ), and the lowest nucleosome occupancy was observed in early S phase where DNA replication disrupts nucleosome structure. In agreement with replication timing of euchromatin and heterochromatin, the increased occupancy of nucleosome was observed in late S phase (52) . On the other hand, nucleosome occupancy of G2/M phase was the highest as chromatin becomes highly condensed in mitosis, but the extent of nucleosome occupancy gain was not as large as expected (40) . Further analysis showed that the variable tendency of nucleosome occupancy in functional regions was invariably the same as the overall pattern of cell cycle phases 
DNA methylation is extremely stable in different cell cycle phases
Both DNA methylation and nucleosome occupancy patterns need to be re-established after DNA replication. Using the high coverage DNA methylation data of HepG2 cells in the four phases of the cell cycle, we found that there was no noticeable difference in DNA methylation level in each phase ( Fig. 2A and  B) , and DNA methylation co-efficiency was as high as 0.95 between sequential phases (Fig. 2C) . Moreover, nearly identical patterns of DNA methylation in four stages were observed in different genomic regions (Supplementary Material, Fig. S3A ). Further analysis demonstrated that even the oscillating wave of DNA methylation around CTCF, RAD21 and SMC3 binding sites were consistently orchestrating together among four phases ( Fig. 2D; Supplementary Material, Fig. S3B ). Finally, the preservation of DNA methylation was further validated using bisulfite sequencing PCR (Fig. 2E ).
Taken together, the notable DNA methylation maintenance in cell cycle and nucleosome occupancy dynamics suggested that the phase-independent DNA methylation may play crucial roles in conducting the recovery of epigenetic architecture during the cell cycle progression.
Ubiquitous high nucleosome occupancy at nucleosomesecured regions (NSRs)
It is well recognized that loss of nucleosome occupancy is a general feature in S phase. However, we surprisingly found that there were lots of regions showing a significantly higher level of nucleosome occupancy compared to the genome-wide nucleosome loss in S phase, we termed these regions as NucleosomeSecured Regions (NSRs) (Fig. 3) . Meanwhile, NSRs were also found in the G0/G1 and G2/M phases (Supplementary Material, Fig. S4 ). As shown, it was very clear that NSRs display significantly higher level nucleosome occupancy, but did not show a strong correlation with DNA methylation, suggesting that DNA methylation and nucleosome positioning may function separately in configuring chromatin status in NSRs. Contrary to the NSRs, NDRs (Nucleosome-Depleted Regions) have been defined previously and show significant depletion of nucleosome occupancy ( nucleosome occupancy status was not always coordinated with DNA methylation in the cell cycle.
To further confirm that the higher nucleosome occupancy found in NSRs was not artificial, we performed nucleosome occupancy assay on two lymphocyte-derived cell lines NB4 and NB4-R2, and acquired the published NOMe-seq datasets from other groups (53) to perform NSRs and NDRs identification with our analytical pipeline. Collectively, all the results showed distinct chromatin characteristics at NSRs and NDRs (Supplementary Material, Fig. S5 ), demonstrating that NSRs may act as an important class of regulatory elements.
NSRs and NDRs maintain the chromatin landscape to preserve gene expression pattern alongside the cell cycle progression DNA replication in S phase makes chromatin accessible to replication as well as transcription complex. However, DNA replication should not provide an opportunity for transcribing any gene which should be repressed in the specific cell type. In this case, the maintenance of cell identity needs to keep a balance between the activating and silencing process through all phases of the cell cycle, we wondered whether the chromatin structure participates in this process.
To explore whether the distinct chromatin status at NSRs and NDRs correlated with gene expression during the cell cycle, we analyzed expression level of genes with NSRs at the promoters and found that these genes were expressed at a lower level than genes decorated with NDRs. Furthermore, these NSRs marked genes were persistently repressed at each phase of the whole cell cycle, while the NDRs marked genes showed constantly high expression level ( Fig. 4A ; Supplementary Material, Fig. S6A and B) . Further analysis showed that those lowly expressed genes decorated by NSRs in the promoter regions were kinds of irrelevant tissue-specific genes like kidney, heart and lung-specific genes, which should not be expressed in liver cancer-derived HepG2 cell line. For example, SPO11, a testisspecific gene, was highly occupied by nucleosome at TSS and was repressed through the entire cell cycle (Fig. 4B) . On the contrary, genes marked by NDRs were highly expressed in all phases of cell cycle. For instance, GCDH, a gene playing essential roles in the metabolic process, showed persistent high expression level throughout the cell cycle (Fig. 4C) . Therefore, NSRs and NDRs functioned as two opposite regulating chromatin units to activate the tissue-specific gene expression and silence the other irrelevant genes during the cell cycle. In this case, it was speculated that NSRs and NDRs should be maintained and exhibited the same structural feature in each phase to achieve the same gene expression pattern throughout the cell cycle. As expected, high accordance of nucleosome occupancy was observed at the SPO11 promoter in each phase, and this was also true for GCDH promoter which showed persistent nucleosome depletion at the promoter ( Fig. 4B and C) . When we further extended our analysis to NSRs and NDRs identified in each phase, we found that nucleosome occupancy and depletion at NSRs and NDRs identified in early S phase were clearly observed in G0/G1, late S and G2/M phases, this suggested that chromatin architecture at NSRs and NDRs was configurationally well maintained in each phase ( Fig. 4D and E) . Similar maintenance was observed for NSRs and NDRs identified in other phases of cell cycle (Supplementary Material, Fig. S6C ), demonstrating that NSRs and NDRs were "pre-deposited" rather than "de novo established" in the cell cycle. Therefore, we pooled NSRs and NDRs from four phases in the downstream analysis. Gene Ontology (GO) analysis indicated that NSRs marked genes were more related to irrelevant cell types, which should not be expressed in liver lineage, such as these for gland and skeletal system development (Fig. 4F) . While NDRs marked genes were enriched in the GO terms associated with the basic cellular function which was crucial for cell survival, such as protein transport, protein localization, cell cycle related processes and RNA processing (Fig. 4G) .
These results strongly demonstrated that although chromatin undergoes enormous accessibility dynamics during DNA replication in S phase and condensation in M phase, their exclusive primary structures of chromatin were well preserved at NSRs and NDRs to maintain original regulatory landscape which was crucial for gene expression pattern preservation during cell cycle progression.
NSRs are marked with polycomb-repressed chromatin markers
Histone modifications such as H3K27me3 are revealed to be essential bookmarking elements which can propagate from parental to daughter cells to preserve the ON or OFF state of genes to maintain the cellular identity (42, 43) . To systematically address the chromatin status of NSRs and NDRs, we acquired the ChIP-seq data sets and 15 chromHMM states defined by different histone modifications and transcription factors binding of the HepG2 cell line from ENCODE (54) . We found that these onenucleosome-sized NSRs (Supplementary Material, Fig. S7A ) showed obvious enrichment of H3K27me3, H3K4me3 and H3K36me3, and depletion of H3K4me1 and H3K27Ac (Fig. 5A) , revealing that NSRs were significantly enriched in weak, poised promoters and polycomb-repressed regions (Fig. 5B) and also in exons (Supplementary Material, Fig. S7C ). On the contrary, NDRs showed slightly increased size in length compared to NSRs (Supplementary Material, Fig. S7B ), and NDRs core regions were depleted of histone modification marks due to lack of histone binding, but these regions were immediately surrounded by active markers like H3K4me3, H3K27Ac and H3K4me1 (Fig.  5C ). Therefore, NDRs were selectively enriched in regulatory elements like promoters, strong enhancers and insulator binding sites (Fig. 5D ). Most tissue-specific genes are controlled by non-CGI promoters (55), our results indicated a higher percentage of NSRs which distributed in non-CGI promoters than in CGI promoters (Supplementary Material, Fig. S7D ). The repressive mark H3K27me3 was more enriched in NSRs than the surrounding regions both for NSR in CGI and non-CGI promoters, although to a lesser extent in non-CGI promoters (Supplementary Material, Fig. S7E ), demonstrating the role of H3K27me3 in modulating tissue-specific gene expression (56, 57) .
In total, NSRs and NDRs showed differential enrichment of repressive and active chromatin marks, which may play essential roles in shaping the tissue-specific gene expression patterns in the cell cycle.
NSRs and NDRs display distinct transcription factors binding capacity
To gain understanding into the actions of NSRs and NDRs, we next investigated whether they were enriched of binding sites for transcription factors. Motif prediction analysis showed that NSRs were important candidates for tissue-specific transcription factors such as NKX2 family, MyoD and Pax8, which were master regulators of central nervous, myocardial lineage, skeletal muscle and pulmonary differentiation ( Fig. 6A ; Supplementary Material, Table S2 ). These transcription factors may be kicked off from NSRs by continuous accumulation of nucleosome assembly. In this case, the irrelevant genes such as central nervous and muscle-specific genes will have no chance to express in the HepG2 cells during the cell cycle. Certainly different to NSRs, NDRs were enriched of motifs for basic transcription factors (Fig.  6B) , such as CTCF, SP1 and Kruppel-like factors, which may help to shape NDRs and further regulate gene regulation. Besides, NDRs were also enriched of motifs for liver-specific transcription factors, FOXA1 and HNF4A for instance (Supplementary Material, Table S3 ). Taking advantage of the availability of ChIP-seq data for several transcription factors identified in motif prediction analysis, we evaluated the transcription factors binding capability in NSRs and NDRs. Transcription factors binding to NDRs were clearly observed for all candidates, but not to NSRs ( Fig. 6C-E;  Supplementary Material, Fig. S8 ). These results revealed the competing role of the histone to transcription factors in NSRs and suggested the distinct potentials of NSRs and NDRs in configuring the tissue-specific gene expression patterns.
Discussion
Both DNA methylation and nucleosome positioning regulate gene expression, but how they coordinate with each other to maintain the cell identity is still an open question. Taking advantage of NOMe-seq and GPS, we are able to evaluate chromatin accessibility, DNA methylation simultaneously. Chromatin accessibility undergoes dramatic changes during cell cycle progression, the transition from G0/G1 phase into early S phase was obviously associated with a gain of chromatin accessibility. As numerous early replication origins are fired at this stage to initiate DNA replication, nucleosomes are removed from DNA strand to allow for replication complex binding and DNA polymerase progression (58, 59) . When cells transit from early S phase into late S phase, genomic regions which have been duplicated get packaged into nucleosome again to avoid rereplication as soon as replication complex passed by (60, 61) , so the overall landscape of chromatin becomes less accessible than early S phase (2, 62) . In G2/M phase where DNA replication finished, condensation of chromatin happens with global loss of chromatin accessibility, while the genome accessibility seems not to decrease so much compared to the original states in G0/G1 phase, although chromatin gets extremely condensed to form visible chromosome fibers at this G2/M stage (40) . Furthermore, we observed nearly identical DNA methylation patterns in each phase. This well maintained DNA methylation and the dynamics of chromatin accessibility indicate that the heritable patterns might be firstly established on DNA methylation and stably transmitted during cell cycle progression (27) , while the chromatin accessible landscape is more dynamically regulated, as the maturation of chromatin after replication is a time-consuming course, which needs to be propagated along the newly assembled nucleosome array during cell cycle (2, 23, 63) . Therefore, we propose that DNA methylation may act as the most pioneering epigenetic marker for cellular bookmarking in the mammalian cell cycle.
Relationship between DNA methylation and nucleosome positioning is bidirectional, both of them can act as cause and effect under different circumstances. DNA methyltransferases DNMT3a and DNMT3b are responsible for establishing de novo DNA methylation patterns in multiple biological processes like early embryonic development and tumorigenesis. Previous studies indicate that the binding of DNMT3s to nucleosome facilitate the methylation of nucleosomal sequences, demonstrating a guiding role of nucleosome on de novo DNA methylation pattern establishment. Nevertheless, DNA methylation maintenance in cell cycle is principally accomplished by DNMT1 at the replication fork, which is targeted to hemimethylated sites with the help of UHRF1 and PCNA (2). Our results indicate that DNA methylation maintenance is quickly established in the cell cycle, while nucleosome redeposition shows obvious delay after replication, as shown by others and us (33, 59) . Therefore, DNA methylation on the newly synthesized DNA offers crucial landmarks for nucleosome positioning pattern reestablishment. Mechanistically, DNA methylation can alter the nucleosome positioning pattern by modulating the physical properties of DNA, such as bending flexibility, curvature and nucleosome-binding affinities; the difference in physical properties has a significant effect on DNA packaging and further determines the nucleosome positioning patterns (48, 64) . Furthermore, DNA methylation is able to shape transcription factors binding and the histone modification landscape, both of which are revealed to have an impact on nucleosome positioning (65, 66) . Recent studies have demonstrated that loss of DNA methylation causes ubiquitous reconfiguration of chromatin (67, 68) . All in all, it is reasonable to propose the pioneer role of DNA methylation on epigenetic recovery after DNA replication.
Therefore, it might be concluded that under different scenarios of DNA methylation maintenance and de novo DNA methylation, DNA methylation and nucleosome occupancy play distinct roles on each other. Histone facilitates the de novo methylation pattern establishment, once the de novo DNA methylation pattern is set up, maintenance of DNA methylation by DNMT1 takes over to fulfill faithful inheritance of DNA methylation from generation to generation. 
o n g _ e n h a n c e r 5 _ s t r o n g _ e n h a n c e r 6 _ w e a k _ e n h a n c e r 7 _ w e a k _ e n h a n c e r 8 _ in s u la t o r 9 _ T x n _ T r a n s it io n 1 0 _ T x n _ E lo n g a t io 4 _ s t r o n g _ e n h a n c e r 5 _ s t r o n g _ e n h a n c e r 6 _ w e a k _ e n h a n c e r 7 _ w e a k _ e n h a n c e r 8 _ in s u la t o r 9 _ T x n _ T r a n s it io n 1 0 _ T x n _ E lo n g a t io For any one given cell type of the human body, the transcriptional landscape determines the biological properties and therefore defines the cell's identity. Transcription factors binding and epigenetic modification on histone and DNA at regulatory elements such as promoter, enhancer and insulator have a considerable effect on tissue-specific transcriptional regulation. But to that end, transcription is directly regulated at the level of the chromatin accessible landscape, which directly governs the ON and OFF of the transcriptional machinery. Nucleosome consists of the basic organizational unit for chromatin, and in most cases, acts as a barrier for chromatin-based processes such as replication, transcription and DNA damage repair. Previous works on nucleosome structure analysis have revealed the extensive distribution of NDR at regulatory elements, and their role in promoting gene expression. Contrary to NDR, NSR is highly occupied by the nucleosome, which directly blocks gene expression. Selective distribution of NSR in non-CGI promoters (55) and enrichment of H3K27me3 (57, 69) fulfills the role of NSR in regulating tissue-specific gene regulation. The NSR marked genes and transcription factor motifs enriched in NSR show significant tissue specificity. Furthermore, using the NOMe-seq dataset of a lymphocyte-derived cell line from our lab and public data from Taberlay 2014 (53), we also validated the widespread existence of NSR. Taken together, NSR and NDR can act as ubiquitous repressing and activating elements in tissuespecific gene regulation.
Materials and Methods
Cell culture and FACS
HepG2 cells were cultured in the recommended condition at 37 C and 5% CO 2 , with DMEM high glucose medium containing 10% FBS. Asynchronously growing HepG2 cells were labeled with hoechst33342 for 1 h at a final concentration of 10 lg/ml and subjected to fluorescence-activated cell sorting to collect cells at G0/G1, early S (S1), late S (S2) and G2/M phase according to the DNA content.
Nucleosome occupancy and DNA methylome sequencing assay
Genome-wide nucleosome occupancy and DNA methylome assay was performed according to Active Motif NOMe-seq kit protocol with minor modification. Briefly, cells were fixed with 1% formaldehyde and lysed with cell lysis buffer to separate nuclei. Chromatin was sonicated to fragments larger than 1 kb using biorupter, and then incubated with 20 ll GpC methyltransferase and 1.5 ll SAM (New England BioLabs) at a total volume of 150 ll, the reaction was incubated at 37 C for 4 h, and 0.5 ll SAM was added to each reaction per hour. The reaction was stopped and genomic DNA was purified with the spin column.
Library preparation and sequencing
We adopted the GPS (Guide Positioning Sequencing, a genome wide DNA methylation detection method developed by our lab which can improve the reads alignments efficiency after bisulfite conversion) in the library construction. Briefly, 5 lg of genomic DNA treated by GpC methyltransferase was further sonicated into fragments of about 300 bp using Biorupter under condition "30 s ON and 30 s OFF" for 3 cycles, following which T4 DNA polymerase was incubated with DNA fragments in reaction without dNTP for 1.5 h at 12 C, under this condition, the 3'-5' exonuclease activity of T4 DNA polymerase achieved 5' overhang of about 100 bp on the DNA. Then dATP, dGTP, dTTP and methylated dCTP mix were added into the reaction, the 5'-3' polymerase activity of T4 DNA polymerase is activated to fill in the overhang to obtain blunt end DNA fragment. Then, A-tailing was performed using Klenow fragment (3'!5' exo-, NEB) at 37 C for 1 h, methylated adapters were ligated to the DNA at 16 C overnight using T4 DNA ligase, bisulfite treatment was performed according to the instruction (Zymo research). Finally, PCR amplification using with the KAPA HiFi Uracil þ DNA Polymerase (KAPA) and library size selection were performed in a step-wise manner to obtain sequencing library. Unmethylated mitochondrial DNA was used to evaluate the bisulfite conversion efficiency for each sample. The libraries were sequenced on Illumina HiSeq2500 paired-end protocol. Base calling was performed by Illumina Real Time Analysis (RTA) software and the reads were quality controlled using trim_galore (v0.4.0).
Data processing
We developed a computational pipeline for data analysis after GPS, including single end read alignment, improper mappings filtering, cutting points scanning, methylation ratio calling and genomic variants identification. In detail, firstly, the pair-end reads were aligned to the genomes of hg19 as two sets of single-end ones separately using BSMAP (version 2.90), where the reads of R1 were aligned with the parameters: -v 3 -g 3 -w 100 -u -r 2, and the reads of R2 were aligned with the parameters: -v 3 -g 3 -w 100 -u -r 2 -M AG. Secondly, we removed the "improper mappings" for each read of R1 from which the paired-end read of R2 failed to be mapped within 1000 bp downstream on the opposing strand. Each proper mapping of an R1 read, r, was given a weight, 1/N, where N is the number of proper mappings of r. Thirdly, by comparing with the reference sequence, we convert an R1 read to its template and defined the starting base on the template from which there were two successive HCG sites with methylated cytosine as the cutting point. Similarly, an R2 read was cut. Each converted R1 read was cut from the cutting point to its 3' end while each converted R2 read was cut from its 5' end to the cutting point. The methylation level of a cytosine, c, on reference sequence is calculated by the ratio of the weighted sum of R1 reads after conversion and cutting that has a C aligned to c/weighted sum of reads that have a C or T aligned to c. As has been mentioned previously by Kelly et al. 2012, (35) GCG and CCG trinucleotides were removed from further analysis. Therefore, GCH methylation was indicative of chromatin accessibility while WCG was adopted to indicate DNA methylation.
NDRs/NSRs detection
We counted the number of the sequenced nucleotides, C and T, at the GCH sites in hg19. C and T counts were summed in sliding windows of 100 bp with 20-bp spacing and tested for the difference to the genome background using the Chi-square test. Significant windows were scored at p-value cutoff (À15 log 10) and divided into two groups, H and L, according to whether the proportion of C to the sum of C and T in the window is higher than that of the genome background. The windows in each group were overlapped separately and only retained if they were no smaller than 140 bp in size. The resulting regions from group H were identified as NDRs (Nucleosome-Depleted Regions) while those from group L were identified as NSRs (Nucleosome-Secured Regions).
NDRs/NSRs maintenance analysis
Nucleosome occupancy level of NDRs/NSRs defined in different phases were calculated independently in four phases, and have been displayed in terms of z-score for 63 kb around the NDRs/ NSRs center as the average of all regions. Briefly, mean nucleosome occupancy (1-GC) values were calculated in 70 bp bins with 1 bp step for each region, the z-score transformation was performed by subtracting the mean value across the genome and dividing by the standard deviation. Randomly selected regions with the same counts as NDRs/NSRs defined in each phase were analyzed under the same pipeline as the negative control. 
Histone modifications in NDRs/NSRs
Histone modification data of HepG2 cell line were obtained from The ENCODE Project Consortium, including ChIP-seq data for H3K4me1, H3K4me3, H3K27Ac, H3K27me3 and H3K36me3. Enrichment level for each histone modification, displayed in terms of z-score, is shown 63 kb around the NDRs/NSRs center as the average of all regions. Briefly, Mean Wiggler values for each region were calculated in non-overlapping 100-bp bins, the z-score transformation was performed by subtracting the mean Wiggler value across the genome and dividing by the standard deviation.
Transcription factors binding in NDRs/NSRs
ChIP-seq data for transcription factors (TCF12, CTCF, SP1, c-MYC, FOXA1, FOXA2, HNF4a and YY1) was downloaded from
The ENCODE Project Consortium. Binding capacity was shown 63 kb around the NDRs/NSRs center as the average tag density of all regions.
Supplementary Material
Supplementary Material is available at HMG online.
